Abstract-Some 24 GHz radar signal features are introduced in this paper for a reliable recognition of pedestrians and vehicles in an arbritary traffic situation. It examines in particular the Doppler spectrum and the range profile.
I. INTRODUCTION
The all weather capability, the accurate measuring scheme for range, azimuth angle and radial velocity make automotive radar sensors a strong candidate for several different driver assistance systems. There is a large progress in the development of 24 GHz radar sensors. Recently, a radar system on a single chip based on SiGe BiCMOS MMIC technology has been presented, which reduces the system cost in mass production dramatically [1] . 24 GHz radar sensors are significantly less expensive compared to 77 GHz technology. These radars detect all targets in the local environment up to a maximum range of 200 meters. The radial velocity and the azimuth angle estimation based on the monopulse technique are also measured with high accuracy which is an important support in a Driver Assistant System (DAS), because human beings have strong limitations in range and velocity estimation. However, drivers have a very good ability to distinguish between different objects.
But driving a car is in any case a dangerous task and causes about 5000 fatalities on German streets every year. Therefore, a basic research goal of the automotive industry is to make driving safer and more comfortable. This paper is based on a high performance 24 GHz radar sensor, considers the situation of vulnerable road users and a specific protection of pedestrians using a target recognition system. From a pure measurement point of view, the observed radar targets are extended in range and/or in radial velocity. Therefore, the range profile and the Doppler spectrum are the basis for the target recognition procedure which will be integrated into an automotive radar sensor. The backscattered amplitude and the measured velocity are two additional features which can be used in the classification process.
II. 24 GHZ AUTOMOTIVE RADAR SENSOR
The 24 GHz Radar sensor applies a combination of a classical step-wise frequency modulated signal with a second linear frequency modulated signal of the same slope, but a certain frequency shift in an intertwined way, called MFSK [2] . The waveform design offers an unambiguous and simultaneous target range and velocity measurement with high estimation accuracy. Thereby ghost targets are completely avoided since this method combines the benefits of the LFM technology, which allows detecting targets in range and velocity, but needs a long measurement time, with the advantages of the FSK technology. The sensor achieves high accuracy and allows specific result allocation for range and velocity. Figure 1 shows the MFSK waveform in a time-frequency diagram. 
III. RADAR SIGNAL FEATURES
The target range and velocity can be measured simultaneously and unambiguously by the MFSK waveform. Based on the measured range profile and the Doppler spectrum, some radar signal features are calculated for target recognition procedures. In this case the range profile and the Doppler profile in range direction are analysed. Extracting these indicated features, the radar echo signal is processed in range direction by an FFT with a length of N=512. Using the sampling frequency of f s = 14.7 kHz, a Doppler frequency resolution of 28 Hz and a corresponding velocity resolution of 0.62 km /h can be calculated. Considering the transmit signal bandwidth of 150 MHz, a range resolution of ∆R = 1 m is determined.
A. Receive Amplitude
The received amplitude can be determined from the radar echo signal. It is fluctuating and depends on the local environment and the aspect angle of the target. However, it mainly depends on the target radar cross section σ (RCS). [3] shows that pedestrians have a RCS in the range of approximately 0.5 m 2 , where vehicles usually show a RCS between 1.0 m 2 and 20 m 2 . This leads to a significantly larger signal-tonoise ratio (SNR) under consideration of a vehicle.
B. Range Profile
Regarding the range profile, it can be observed that a pedestrian has a much narrower range extension compared to a vehicle in the same distance. The range resolution of ∆R = 1.0 m allows to distinguish between extended targets and pointwise targets [4] . It can be shown that the range extension shrinks or increases depending on the position of the arms and legs (Figure 2 
C. Doppler Spectrum
The Doppler spectrum behaves similar to the range measurement, but vice versa. Investigations of [4] show that a pedestrian has a spread in the Doppler spectrum compared to a vehicle with constant speed. Accurate results are shown using an adequate Doppler resolution. The Doppler spectrum for a pedestrian is periodically reduced and extended, which is due to the changing velocity components (torso to arms/legs). The swing of the arms is nearly twice the speed of the torso while the standing limb shows zero velocity. Investigations of pedestrian movements show that a pedestrian has a sinusoidal velocity in the range of 1.9 Hz to 2.3 Hz additionally to the main torso velocity. Figure 4 and 5 show a pedestrian and a vehicle respectivly, observed at time t and time t + 1. While the pedestrian Doppler spectrum changes in extension, the Doppler spectrum of a vehicle is nearly pointwise and unchanged over time.
IV. TARGET RECOGNITION
The previous section has shown that a pedestrian can have a large Doppler spread but a pointwise range profile. However, the maximum spread in the Doppler spectrum is visible only at selected instances. These slots occur exactly when arms or legs show the maximum velocity. At all other instances, the Doppler spectrum is less extended or even pointwise due to the same velocity of arms and torso. Thus, an accurate determination of the Doppler spread is possible only with high-resolution radar sensors or with a long time on target. The same problem can be encountered by calculating the range profile, at specific time slots and small vehicles, a pedestrian can appear as a vehicle in the range profile. Exactly these problems can be avoided using a stochastic approach by observing at least n = 2 consecutive measurements. Therefore, a feature vector f is built carrying the information about the features mentioned.
V. SIMULATION RESULTS
The pedestrian range expands periodically to a maximum of 0.7 m in 1.9 Hz to simulate the arm movement. A vehicle was simulated with the same velocity as the pedestrian of 1.5 m /s and a dimension of 2.0 m x 1.5 m. Table I shows the most important parameters used in this simulation applying the MFSK scheme. The simulation was carried out for different target ranges between 5m and 50m, in total 10 000 received signals have been processed. The proposed feature vector was calculated and plotted in a three dimensional coordinate system as shown in Figure 6 . For a pedestrian, an SNR can be determined between 15-25 dB, while the vehicle results in 20-30 dB SNR. Table II. VI. CONCLUSIONS This paper explains and presents the recognition process of pedestrians and vehicles by an automo- 
